Diallyl trisulfide (DATS), a metabolic byproduct of garlic, is known to inhibit the growth of breast cancer cells in vitro and in vivo. This study demonstrates that DATS targets breast cancer stem cells (bCSC). Exposure of MCF-7 and SUM159 human breast cancer cells to pharmacological concentrations of DATS (2.5 and 5 M) resulted in dose-dependent inhibition of bCSC, as evidenced by a mammosphere assay and flow cytometric analysis of aldehyde dehydrogenase 1 (ALDH1) activity and the CD44 high /CD24 low /epithelial specific antigen-positive fraction. DATS-mediated inhibition of bCSC was associated with a decrease in the protein level of FoxQ1. Overexpression of FoxQ1 in MCF-7 and SUM159 cells increased ALDH1 activity and the CD49f ؉ /CD24 ؊ fraction. Inhibition of ALDH1 activity and/or mammosphere formation upon DATS treatment was significantly attenuated by overexpression of FoxQ1. In agreement with these results, stable knockdown of FoxQ1 using small hairpin RNA augmented bCSC inhibition by DATS. Expression profiling for cancer stem cell-related genes suggested that FoxQ1 may negatively regulate the expression of Dachshund homolog 1 (DACH1), whose expression is lost in invasive breast cancer. Chromatin immunoprecipitation confirmed recruitment of FoxQ1 at the DACH1 promoter. Moreover, inducible expression of DACH1 augmented DATS-mediated inhibition of bCSC. Expression of FoxQ1 protein was significantly higher in triplenegative breast cancer cases compared with normal mammary tissues. Moreover, an inverse association was observed between FoxQ1 and DACH1 gene expression in breast cancer cell lines and tumors. DATS administration inhibited ALDH1 activity in vivo in SUM159 xenografts. These results indicate that FoxQ1 is a novel target of bCSC inhibition by DATS.
The medicinal usefulness of garlic (Allium sativum) has been appreciated throughout recorded history and reviewed exten-sively (1, 2) . For example, the Codex Ebers (an Egyptian medical text) recommended garlic for the treatment of different conditions, such as high blood pressure and abnormal tissue growth. The health-promoting effects of garlic are ascribed to sulfurcontaining metabolic byproducts, including allicin, water-soluble organosulfur compounds (e.g. S-allylcysteine and S-allylmercaptocysteine), and lipid-soluble organosulfur compounds, including diallyl trisulfide (DATS), 3 diallyl disulfide (DADS), diallyl sulfide (DAS), and ajoene (3, 4) . These compounds are generated upon cutting or chewing of garlic and certain other Allium vegetables (3) .
Accumulating evidence from population-based case-control studies as well as preclinical work strongly argues for the anticancer activity of garlic and its constituents (5) (6) (7) (8) (9) (10) . For example, a French case-control study suggested an inverse association between garlic and onion intake and breast cancer risk with an odds ratio of 0.3 (p for trend Ͻ 10 Ϫ6 ) for the highest versus lowest intake groups (8) . Similarly, garlic intake was suggested to be protective against breast cancer in a hospital-based study from Switzerland (9) . However, such an association was not evident for garlic supplementation in a Dutch cohort study (10) . Nevertheless, the preclinical evidence for the anticancer effect of garlic or its bioactive components against breast cancer is fairly persuasive (11) (12) (13) (14) . For instance, feeding of garlic powder (20 g/kg of diet) as well as its constituents S-allylcysteine and DADS (57 mol/kg of diet) for 2 weeks prior to N-methyl-Nnitrosourea treatment significantly inhibited mammary tumor incidence and the cumulative number of tumors in female Sprague-Dawley rats (11) . Likewise, feeding of rats with diets supplemented with 2% and 4% garlic powder for 2 weeks before and 2 weeks after 7,12-dimethylbenz[a]anthracene treatment resulted in a significant decrease in mammary tumor incidence and multiplicity in rats (12) . Intratumor injection of a purified protein fraction from fresh garlic resulted in a significant increase in CD8 ϩ T lymphocytes and tumor growth inhibition in BALB/c mice (14) .
Cellular models have been utilized to delineate the mechanisms by which garlic constituents may inhibit breast cancer growth (15) (16) (17) (18) (19) (20) . For example, DATS treatment inhibited DNA strand breaks induced by an environmental carcinogen (benzo-[a]pyrene) in a non-tumorigenic normal human mammary epi-thelial cell line (MCF-10A) (16) . Interestingly, DATS was found to be a much more potent inducer of apoptotic cell death in MCF-7 cells compared with its monosulfide (DAS) or disulfide (DADS) analogues (18) . We have shown previously that breast cancer cells are much more sensitive to cell growth inhibition and apoptosis induction by DATS than normal human mammary epithelial cells (19) . Cancer cell selectivity is especially desirable for cancer-preventive agents. DATS was also shown to inhibit estrogen receptor-␣ (ER-␣) activity in MCF-7 and T47D cells (20) .
Recent progress in our understanding of the biology of breast cancer highlights a critical role for breast cancer stem cells (bCSC) in tumor initiation and progression (21) (22) (23) . Therefore, it is only logical to speculate that elimination of both bCSC and proliferating cells constituting the bulk of the tumor mass may be necessary for the treatment and/or prevention of breast cancer. This study was undertaken to test the hypothesis that garlic organosulfides may inhibit bCSC using an ER-␣ positive (MCF-7) and a triple-negative (SUM159) human breast cancer cell line as a model.
Experimental Procedures
Reagents and Cell Lines-DATS, DADS, and DAS (purity Ͼ98%) were purchased from LKT Laboratories (St. Paul, MN) and diluted with DMSO before treatment. E-ajoene and Epropyl-ajoene were synthesized as described previously (24) . Reagents for cell culture (culture medium, fetal bovine serum, and antibiotics) were purchased from Life Technologies/ Thermo Fisher Scientific (Waltham, MA). The antibody against B-lymphoma Moloney murine leukemia virus insertion region 1 (Bmi-1, catalog no. CS6964, dilution 1:5000) was purchased from Cell Signaling Technology (Danvers, MA). An antibody against Forkhead box Q1 (FoxQ1, catalog no. SC166265, dilution 1:200 -1:500) was from Santa Cruz Biotechnology (Dallas, TX). An antibody against urokinase-type plasminogen activator receptor (catalog no. GTX100466, dilution 1:1000) was from GeneTex (Irvine, CA), anti-Dachshund homolog 1 (DACH1) antibody (catalog no. ab176718, dilution 1:1000) was from Abcam (Cambridge, MA), and anti-FLAG and anti-actin antibodies were from Sigma-Aldrich (St. Louis, MO). The MCF-7 cell line was acquired from the American Type Culture Collection and authenticated in 2015. Authenticated stocks of MCF-7 cells were used in this study. SUM159 cells were purchased from Asterand and authenticated by the supplier. MDA-MB-231 cells stably transfected with an inducible DACH1 plasmid were a gift from Dr. Richard G. Pestell (Thomas Jefferson University, Philadelphia, PA) (25) . MCF-7 and SUM159 cells were transfected with empty pCMV6 (FLAG-tagged) vector or the same vector encoding for FoxQ1 using FuGENE 6. The pCMV6-FoxQ1 plasmid was purchased from ORIGENE (Rockville, MD). Stably transfected cells were selected by culture in medium supplemented with G418 over a 6-week period. SUM159 cells were stably transfected with 6 g of a control shRNA or a FoxQ1-targeted shRNA using transfection medium and reagents from Santa Cruz Biotechnology. The SUM159 clone with stable knockdown of FoxQ1 was selected with 5 g/ml of puromycin for 5 weeks.
Mammosphere Formation Assay-The mammosphere assay was performed as described by us previously (26) . Briefly, 1000 cells in medium supplemented with penicillin/streptomycin, B27, insulin, hydrocortisone, epidermal growth factor, basic fibroblast growth factor, 2-mercaptoethanol, and methylcellulose were plated on ultralow attachment plates. The indicated concentrations of DATS were then added to the medium for the primary mammosphere formation assay. Five days later, the first-generation mammospheres were photographed and counted and then disaggregated. Single-cell suspensions were replated for the second-generation mammosphere assay without further treatment with DMSO (control) or DATS. The second-generation mammospheres were scored 7 days after cell plating.
Determination of Aldehyde Dehydrogenase 1 (ALDH1) Activity and Flow Cytometric Analysis of CD44 high /CD24 low /Epithelial Specific Antigen-positive (ESAϩ) Population-ALDH1 activity was determined using the Aldefluor kit (Stemcell Technologies, Vancouver, BC, Canada) as recommended by the supplier. For analysis of the CD44 high /CD24 low /ESAϩ population, cells were incubated with anti-ESA (FITC-conjugated), anti-CD24 (phycoerythrin-conjugated), and anti-CD44 (allophycocyanin-conjugated) antibodies in the dark for 30 min at room temperature. Cells were washed with PBS and analyzed using a BD Accuri TM C6 flow cytometer (BD Biosciences).
Western Blotting-Whole cell lysates from control or DATStreated cells were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immunoblotting as described by us previously (27) . Cells were lysed on ice with a solution (50 mM Tris-HCl (pH 8.0), 1% Triton X-100, 0.1% sodium dodecyl sulfate, 150 mM NaCl, protease inhibitors, and phosphatase inhibitors) for 20 min and then cleared by centrifugation at 14,000 ϫ g for 20 min. The change in protein level was determined by densitometric scanning. The blots were stripped and reprobed with ␤-actin antibody for normalization. After transfer, the membranes were stained with Ponceau S for protein loading normalization. A band on the Ponceau S-stained membrane close to the size of the desired protein was used for normalization. Two different molecular weight marker protein positions were identified on each immunoblot.
Real-time Quantitative PCR-Total RNA from cells was isolated using the RNeasy kit (Qiagen, Germantown, MD). Firststrand cDNA was synthesized using Superscript reverse transcriptase (Life Technologies) with oligo(dT) 20 primer. Primers were as follows: Bmi-1, 5Ј-AAATGCTGGAGAACTGGAAAG-3Ј (forward) and 5Ј-CTGTGGATGAGGAGACTGC-3Ј (reverse); FoxQ1, 5Ј-CGCGGACTTTGCACTTTGAA-3Ј (forward) and 5Ј-AGCTTTAAGGCACGTTTGATGGAG-3Ј (reverse); DACH1, 5Ј-CCTTGACAAACTCTCTCTAACTGG-3Ј (forward) and 5Ј-CTTGAGCTCTGGCATTATCTATGG-3Ј (reverse); MYC, 5Ј-GCCACGTCTCCACACATCAG-3Ј (forward) and 5Ј-TGGTGCATTTTCGGTTGTTG-3Ј (reverse); ZEB1, 5Ј-GCCAATAAGCAAACGATTCTG-3Ј (forward) and 5Ј-TTTGGCTGGATCACTTTCAAG-3Ј (reverse); TWIST1, 5Ј-AGTCCGCAGTCTTACGAGGA-3Ј (forward) and 5Ј-GCCAGCTTGAGGGTCTGAAT-3Ј (reverse); and TWIST2, 5Ј-CAAGCTGAGCAAGATCCAGAC-3Ј (forward) and 5Ј-GGTCATCTTATTGTCCATCTCG-3Ј (reverse). The quantitative PCR was done using 2ϫ SYBR Green Master Mix (Applied Biosystems/Life Technologies) with 95°C (15 s), 60°C annealing (60 s), and 72°C (30 s) for 40 cycles. Relative gene expression was calculated using the method described by Livak and Schmittgen (28) .
Confocal Microscopy to Determine FoxQ1 Protein Expression in SUM159 Cells-SUM159 cells (6 ϫ 10 4 cells/well) were plated on glass coverslips in 12-well plates (in triplicate) and allowed to attach by overnight incubation. After 24-h treatment with DMSO or 5 M DATS, cells were fixed with 2% paraformaldehyde for 1 h, permeabilized with 0.5% Triton X-100 for 10 min, and then blocked with buffer containing 0.5% bovine serum albumin and 0.15% glycine in PBS for 1 h at room temperature. This was followed by incubation with anti-FoxQ1 antibody (1:200 dilution) overnight at 4°C. The cells were incubated with Alexa Fluor 568-conjugated secondary antibody for 1 h at room temperature. After washing with PBS, the cells were mounted and observed using an Olympus FluoView FV1000 confocal microscope at ϫ60 objective magnification.
Colony Formation Assay-250 cells were plated in 6-well pates and incubated for 10 days. The cells were fixed in methanol and stained with crystal violet for 30 min. The colonies were counted.
RT 2 Profiler PCR Array-Total RNA was extracted using the RNeasy kit (Qiagen), followed by reverse transcription with 1 g of total RNA and the RT 2 First-Strand kit (Qiagen) as recommended by the supplier. To evaluate the effect of FoxQ1 on the expression of genes involved in cancer "stemness" the human cancer stem cell RT 2 Profiler TM PCR array (Qiagen) was used. The change in gene expression was quantified using webbased software provided by the manufacturer. Gene expression with a Ct value of above 35 was considered undetectable. The cutoff was 1.5 -fold change in expression and p Յ 0.05 (by twosided Student's t test).
ChIP Assay-The ChIP assay was performed using a kit from Upstate Biotechnology (Lake Placid, NY) according to the protocol of the manufacturer. Briefly, DNA and associated proteins in cells were cross-linked with formaldehyde (final concentration of 1%) for 20 min. The cross-link was quenched by addition of 0.125 M glycine for 5 min. The DNA-protein complexes were sheared by sonication to generate 200-to 600-bp DNA fragments. Sonicated lysates were incubated with anti-FLAG antibody (for FoxQ1 pulldown) or anti-IgG antibody (control) overnight and reverse cross-linked for DNA isolation. The putative FoxQ1 binding sites at the DACH1 promoter were amplified with the following primers: site 1, 5Ј-CACCAGAAT-GGCAAAAATTTTATTA-3Ј (forward) and 5Ј-GCTCATGT-CTCCAAGTATCTTCAAT-3Ј (reverse); site 2, 5Ј-CCCTTT-TTCCACTTTCTAAATCTTC-3Ј (forward) and 5Ј-TCCTA-ATAGGTTGTGGAAAGAAATG-3Ј (reverse).
Immunohistochemistry for Analysis of FoxQ1 Expression in Tissue Microarrays of Normal Breast and Triple-negative
Breast Cancer (TNBC)-The differential expression of FoxQ1 between normal and breast tumor was analyzed using breast tissue microarrays from US Biomax (Rockville, MD; catalog no. for normal BRN801a (n ϭ 80) and catalog no. for TNBC-BR487a (n ϭ 48) and BR10011 (n ϭ 57)). Immunohistochemistry was performed as described by us previously (29) . At least 10 randomly selected and non-overlapping fields on each tissue section of the tissue microarrays were examined for FoxQ1 expression by the nuclear algorithm of the Aperio ImageScope software (Leica Biosystems, Buffalo Grove, IL). The H score is based on intensity (0, 1ϩ, 2ϩ, and 3ϩ) and percent positivity (0 -100%) and calculated using the following formula: H score ϭ (percent of negative cells ϫ 0) ϩ (percent of 1 ϩ cells ϫ 1) ϩ (percent of 2 ϩ cells ϫ 2) ϩ (percent of 3 ϩ cells ϫ 3). Some specimens for normal (n ϭ 23) and TNBC (n ϭ 8) were not available for analysis because of poor staining and/or less than optimal sectioning on the tissue microarray (cracked or folded). Thus, the final number was 57 for normal and 97 for TNBC.
TCGA and Cancer Cell Line Encyclopedia Data-Breast cancer TCGA and Cancer Cell Line Encyclopedia RNA sequencing data were obtained from CGHub through the Pittsburgh Genome Resource Repository (30) . Additional breast cancer cell line data were obtained from GEO (GSE48213) (31) . Log2 transformed transcript per million values were generated from FASTQ files using lightweight alignment -salmon v0.5.1 (21kmer size, quasi-mapping, Ensembl v82) (32) . PAM50 subtypes were called on TCGA breast cancer expression data using the genefu Bioconductor package (pam50.robust model) (33) . PAM50 expression plots were generated with beeswarm from comprehensive R archive network (CRAN).
SUM159 Xenograft Study-Female SCID mice (6 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, ME). Following 48 h of acclimation, the mice were subcutaneously injected on the right flank with exponentially growing SUM159 cells (1 ϫ 10 6 cells, 0.1-ml suspension in 50% PBS and 50% Matrigel (Corning, Bedford, MA)). The mice were divided into two groups of 10 mice/group. The mice were treated by oral gavage with either vehicle or 2 mg DATS in 100 l of PBS beginning on the day of tumor cell implantation. Treatment in both groups was performed three times each week (Mondays, Wednesdays, and Fridays) until the conclusion of the study. During the study, animal weights were recorded weekly, and tumor presence/volume measurements were recorded two to three times each week. One mouse from the control group and two mice from the DATS treatment group died within 2 weeks of the study for unknown reasons. The mice were sacrificed after 55 days of treatment. Two mice from the control group were excluded from ALDH1 activity determination because of early sacrifice because of morbidity and/or unusually high activity. The ALDH1 activity was also unusually very high in one sample of the DATS treatment group, and this was excluded from analysis. However, these mice were included for tumor incidence and tumor volume calculations. For analysis of ALDH1 activity and mammosphere formation, primary tumors were processed as described by us previously (26) . Briefly, tissues were digested in Dulbecco's modified Eagle's medium supplemented with 300 units/ml collagenase and 100 units/ml hyaluronidase for 3-4 h at 37°C. Disaggregated cells were suspended in Hanks' balanced salt solution supplemented with 2% fetal bovine serum and ammonium chloride and treated with a solution containing 0.25% trypsin-EDTA, 5 mg/ml dispase, and 0.1 mg/ml DNase1 in Hanks' balanced salt solution. The samples were passed through a 40-m strainer. The cells were used for determination of ALDH1 activity. For mammosphere formation, cells were plated in ultralow attachment plates in Dulbecco's modified Eagle's medium/F12 supplemented with 2% fetal bovine serum, 10 mmol/liter HEPES, 5% bovine serum albumin, 1% penicillin/streptomycin, 10 g/ml insulin, 20 ng/ml epidermal growth factor, 20 ng/ml basic fibroblast growth factor, B27, 10 g/ml heparin, and 2-mercaptoethanol for 7 days. The mammospheres were photographed and scored for each group.
Statistical Analysis-Each experiment was performed at least twice, and quantitative experiments were performed in triplicate. Statistical significance of difference was determined using GraphPad Prism. One-way analysis of variance (ANOVA) with Dunnett's adjustment was used for dose-response comparisons. One-way ANOVA followed by Bonferroni's test was used for multiple group comparisons. Statistical significance of the difference in FoxQ1 level between normal breast and TNBC (immunohistochemistry) was determined by two-sided Student's t test. Statistically significant differences in expression between FoxQ1 and DACH1 in basal and luminal breast cancers were assessed by Mann-Whitney U test. Pearson's R correlation and plots were conducted in R using Log2 transformed transcript per million expression values. The difference was considered significant at p Ͻ 0.05.
Results
DATS Treatment Inhibited Self-renewal of bCSC in MCF-7 and SUM159 Cells-Because DATS is the most abundant water-insoluble sulfur compound in fresh garlic (34) , initially we focused on this phytochemical (the structure of DATS is shown in Fig. 1A ) to determine its effect on self-renewal of bCSC. Fig. 1B displays first-generation mammospheres resulting from MCF-7 and SUM159 cells after 5 days of cell seeding in the absence (DMSO control) or presence of 5 M DATS. The first-generation mammosphere frequency was dose-dependently decreased upon DATS treatment in both cell lines compared with the DMSO-treated control (Fig. 1C ). The second-generation mammosphere number was also significantly lower in the DATS treatment group compared with the control in both cell lines (Fig. 1C ). High ALDH1 activity is another characteristic feature of bCSC. Flow histograms for ALDH1 activity in MCF-7 and SUM159 cells after 72-h treatment with DATS (5 M) or DMSO (control) are shown in Fig. 1D . The ALDH1 activity was significantly lower in DATS-treated MCF-7 and SUM159 cells compared with the control, especially at the 5 M dose (Fig. 1E) .
DATS Treatment Decreased the CD44 high /CD24 low /ESAϩ Fraction in MCF-7 and SUM159 Cells-DATS-treated MCF-7 and SUM159 cells showed a significant decrease in CD44 high / CD24 low /ESAϩ fraction in comparison with the control at the 5 M concentration in both cell lines ( Fig. 2A) . In contrast, DAS and DADS (the structure is shown in Fig. 2B ) were practically inactive for inhibition of ALDH1 activity (Fig. 2C ). Ajoene (Fig.  2D ), which is derived from a chemical rearrangement of allicin, is undetectable in freshly crushed garlic but present in aged and heated garlic preparations, with abundance of the E-isomer over Z-ajoene (35, 36) . In both MCF-7 and SUM159 cells, naturally occurring E-ajoene was unable to inhibit ALDH1 activity ( Fig. 2E ). On the other hand, inhibition of ALDH1 activity was observed to a level mirroring DATS after substitution of one of the terminal allyl groups with a propyl group in E-ajoene ( Fig.  2E ). Consistent with these results, mammosphere formation in both MCF-7 and SUM159 cells was significantly and dosedependently inhibited by E-propyl-ajoene (Fig. 2F) . The primary conclusions from these structure-activity analyses are that oligosulfide chain length is a critical structural determi- We have shown previously that a normal human mammary epithelial cell line (MCF-10A) is resistant to cell viability inhibition as well as apoptosis induction by DATS even at the 40 M concentration (19) . In this study, we determined the effect of DATS treatment on the stem cell-like phenotype using this cell line. The mammosphere frequency in MCF-10A cells was much lower compared with breast cancer cells (data not shown). However, DATS exposure failed to inhibit mammosphere formation in MCF-10A cells (Fig. 2G) at concentrations that were highly effective in breast tumor cells, eliciting nearly 50% inhibition (Fig. 1C) . These results further underscore the cancer cell selectivity of DATS. Fig. 3A shows a Western blotting analysis for the effect of DATS treatment on the levels of a panel of proteins implicated in the maintenance of the bCSC phenotype, including Bmi-1 (37), urokinase-type plasminogen activator receptor (38) , and FoxQ1 (39) . The inhibitory effect of DATS on the protein levels of Bmi-1 and urokinase-type plasminogen activator receptor was transient, followed by an increase in their expression after 72 h of treatment (Fig. 3A) . On the other hand, the DATS-mediated down-regulation of FoxQ1 protein was sustained for the duration of the experiment, at least at the 5 M dose (Fig. 3A) . Similar to SUM159 cells, the protein levels of many of the above proteins were increased in MCF-7 cells after 72 h of DATS treatment (data not shown). FoxQ1 protein expression was very low in MCF-7 cells (data not shown). Nevertheless, we focused on FoxQ1 for functional studies of its role in the regulation of bCSC inhibition by DATS.
DATS Treatment Decreased the FoxQ1 Protein Level in Breast Cancer Cells-
Down-regulation of FoxQ1 protein upon DATS treatment was accompanied by its transcriptional suppression (Fig. 3B ). The FoxQ1 protein was predominantly localized in the nucleus of SUM159 cells, as revealed by confocal microscopy (Fig. 3C ).
DATS-treated SUM159 cells exhibited a decrease in nuclear
FoxQ1 protein level compared with vehicle (DMSO)-treated control cells (Fig. 3C) . Accordingly, we focused on FoxQ1 for functional studies to determine its role in bCSC inhibition by DATS.
Overexpression of FoxQ1 Increased the bCSC Fraction in SUM159 Cells- Fig. 3D shows overexpression of FoxQ1 in stably transfected SUM159 and MCF-7 cells at the protein and mRNA levels. The effect of FoxQ1 overexpression on bCSC was studied using SUM159 cells. As can be seen in Fig. 3D , the ALDH1 activity was 20-fold higher in FoxQ1-overexpressing SUM159 cells compared with empty pCMV6 vector-transfected control cells. Likewise, a 4-fold increase in the CD49f ϩ / CD24 Ϫ fraction was discernible in SUM159 cells transfected with the FoxQ1 plasmid in comparison with empty vectortransfected control cells (Fig. 3E) .
The Effect of FoxQ1 Overexpression on bCSC Inhibition by DATS- Fig. 4A shows flow histograms for the effect of DATS treatment on ALDH1 activity in empty vector-transfected control cells and FoxQ1-overexpressing SUM159 cells. Similar to untransfected cells, ALDH1 activity was decreased upon 72-h treatment with 5 M DATS in both cell lines (Fig. 4B) . In addition, FoxQ1 overexpression conferred partial but statistically significant protection against ALDH1 activity inhibition by DATS in both cell lines (Fig. 4B ). Consistent with ALDH1 activity data, DATS-mediated inhibition of mammosphere formation was partially but statistically significantly attenuated by FoxQ1 overexpression in both cells (Fig. 4C) .
FoxQ1 Knockdown Augmented DATS-mediated Inhibition of bCSC in SUM159 Cells-The contribution of FoxQ1 in bCSC inhibition by DATS was further tested by its knockdown using SUM159 cells. The level of FoxQ1 protein was decreased by 50% in cells stably transfected with a FoxQ1-targeted shRNA (Fig. 5A ). FoxQ1 knockdown alone resulted in complete inhibition of ALDH1 activity (Fig. 5, B and C) and significant inhibition of mammosphere formation (Fig. 5D ). DATS-mediated inhibition of mammosphere formation was significantly aug- mented by FoxQ1 knockdown (Fig. 5D ). These results provided additional experimental evidence for the involvement of FoxQ1 in bCSC inhibition by DATS.
SUM159 Cell Proliferation Was Not Affected by FoxQ1
Expression-Previous work has demonstrated inhibition of breast cancer cell proliferation in vitro upon DATS treatment 19) . Therefore, it was of interest to determine whether these effects were altered by FoxQ1 expression status. Because FoxQ1 overexpression or its knockdown failed to alter colony formation (Fig. 5E ), the effect of DATS treatment on colony formation was not investigated.
FoxQ1 Overexpression Altered the Expression of Genes Involved in Cancer Stem Cell Maintenance-To gain insights into the mechanism(s) downstream of FoxQ1 in bCSC inhibition by DATS, we determined the effect of FoxQ1 overexpression on genes (84-gene array) involved in cancer stem cell maintenance. FoxQ1 overexpression resulted in a significant (p Յ 0.05) up-regulation of 11 genes (ABCG2, ALDH1A1, CD24,  DDR1, DLL1, IL8, ITGA2, ITGA6, MYC, PLAT, and TWIST2) and down-regulation of 16 genes (ALCAM, DACH1, DKK1, EPCAM, FOXA2, FZD7, JAK2, KITLG, KLF17, MUC1, POU5F1, PROM1, PTPRC, STAT3, TWIST1, and ZEB1) (Fig. 6,  A and B) . Consistent with the results of ALDH1 activity determination, FoxQ1-overexpressing cells exhibited a significant increase in the expression of ALDH1A1 and ITGA6 (CD49f) (Fig 6B) . Quantitative RT-PCR for a panel of genes was performed to confirm the results of the RT 2 profiler PCR array. As can be seen in Fig. 6C , FoxQ1 overexpression resulted in significant down-regulation of DACH1 and ZEB1 but up-regulation of MYC and TWIST2 (Fig. 6C ). DATS treatment in empty vector-transfected SUM159 cells resulted in a statistically significant increase in DACH1 mRNA level that was abolished in the 
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FoxQ1-overexpressing variant (Fig. 6D) . A modest but significant decrease in MYC mRNA level was observed upon DATS treatment in empty vector-transfected control SUM159 cells, but this effect was restored in FoxQ1-overexpressing cells (Fig.  6D ). In accordance with Fig. 6C , we observed suppression of DACH1 protein in FoxQ1-overexpressing SUM159 cells and an increase in DACH1 protein expression in SUM159 cells transfected with a FoxQ1-targeted shRNA (Fig. 6E) . These results suggested that DACH1 might be the regulator of bCSC inhibition downstream of FoxQ1 in DATS-treated cells.
FoxQ1 Regulated DACH1 Transcription-Because expression of DACH1 was decreased in FoxQ1-overexpressing cells, we first determined the effect of DACH1 on the bCSC fraction. MDA-MB-231 breast cancer cells stably transfected with a Ponasterone A-inducible DACH1 expression vector demonstrated inhibition of ALDH1 activity upon addition of Ponasterone A (Fig. 7A ). In addition, DATS-mediated inhibition of ALDH1 activity was augmented by DACH1 overexpression (Fig. 7A ). A similar trend was observed for mammosphere formation (Fig. 7A ). Next, we performed a ChIP assay to determine whether DACH1 is a target of FoxQ1 using SUM159 cells. Bieller et al. (40) have identified the FoxQ1 binding sequence of 5Ј-A(A/T)TGTTTA(G/T)(A/T)T-3Ј. Two putative FoxQ1 binding sites were found in the DACH1 promoter (Fig. 7B) . The ChIP assay revealed recruitment of FoxQ1 at both sites of the DACH1 promoter (Fig. 7C) . Collectively, these results indicated that DACH1 expression was negatively regulated by FoxQ1.
FoxQ1 Was Overexpressed in TNBC Compared with Normal Breast-To determine the association of FoxQ1 expression with clinical features, we performed immunohistochemical analysis using commercially available tissue microarrays of TNBC and normal breast. Fig. 7D shows representative immunohistochemical image for FoxQ1 expression in a normal breast specimen and a TNBC section. Expression of FoxQ1 was very low in normal breast. On the other hand, FoxQ1 expression was statistically significantly higher in the nucleus of TNBC (n ϭ 97) compared with normal breast tissue (n ϭ 57, p ϭ 0.01 by two-sided Student's t test) (Fig. 7E) . These observations provide strong evidence for the importance of FoxQ1 in aggressive types of breast cancer.
Inverse Association between FoxQ1 and DACH1 Expression in Breast Tumors and Breast Cancer Cell Lines-To further explore the clinical relevance of our findings, we analyzed RNA sequencing expression data in an expanded cohort of human tumors (n ϭ 1078) from The Cancer Genome Atlas (TCGA) and cell lines (n ϭ 77) from the Cancer Cell Line Encyclopedia and Gene Expression Omnibus. We found that FoxQ1 expression was higher in basal-type breast tumors compared with luminal breast cancers (p Ͻ 0.001) ( Fig. 8A) , consistent with our findings of elevated FoxQ1 protein measured by immunohistochemistry in TNBC (Fig. 7E ). On the other hand, DACH1 expression was higher in luminal A/B and normal-like breast tumors than in the basal subtype ( Fig. 8B) . Western blotting confirmed the relatively higher expression of FoxQ1 protein in TNBC cell lines compared with MCF-10A or luminal-type breast cancer cells (MCF-7 and MDA-MB-361) (Fig. 8C ). Furthermore, DACH1 and FoxQ1 showed a statistically significant negative correlation in tumors and cell lines (Fig. 8, D and E) , supporting our data on FoxQ1 overexpression being associated with lower DACH1 levels.
DATS Administration Decreased the bCSC Fraction in Vivo-We next determined the in vivo efficacy of DATS for inhibition of bCSC using a SUM159 xenograft model. The body weights of the mice of both groups did not differ significantly except on day 15 (Fig. 9A ). The tumor incidence was 100% in vehicle-treated control mice, but it was reduced by 50% in the DATS treatment group (Fig. 9B , p ϭ 0.03 by Fisher's exact test). The average wet tumor weight was also lower in the DATS treatment group compared with the control group, but the difference did not reach statistical significance because of the large data scatter as well as small sample size in the DATS treatment Fig. 9D shows flow histograms for ALDH1 activity in tumor cells from the control and DATS treatment groups. The ALDH1 activity was about 50% lower in tumor cells from DATS-treated mice compared with the vehicle-treated control (p ϭ 0.01 by Student's t test). Fig. 9E depicts mammospheres resulting from representative tumor of a vehicle-treated control mouse and a DATS-treated mouse. The number of mammospheres in the DATS treatment group was generally lower compared with the control at each seeding density, but the difference was not significant, likely because of the small sample size. Together, these results provide in vivo evidence for bCSC inhibition by DATS.
Discussion
A non-endocrine preventive strategy effective against different subtypes of breast cancer is still a clinical need because currently available options are ineffective against ER-negative disease (41) (42) (43) . Rare but serious and often life-threatening side effects are another limitation of the clinically used breast cancer preventive interventions such as tamoxifen (41, 42) . DATS appears promising for the prevention of breast cancer based on the following considerations: population-based studies suggest that garlic intake may lower breast cancer risk (8, 9) ; dietary administration of garlic powder inhibits the incidence of chemically induced mammary cancer in rats (11, 12) ; DATS treatment inhibits the growth of cultured human breast cancer cells irrespective of the ER-␣ status (19) ; oral administration of DATS inhibits in vivo growth of MCF-7 xenografts in mice (18); a clinical intervention with 200 mg of synthetic DATS (Allitridum) every day plus 100 g of selenium every other day for 1 month showed acceptable tolerance (44) ; and bCSC fraction is decreased upon treatment with DATS in breast cancer cells representing luminal and basal subtypes, and DATS administration causes a decrease in ALDH1 activity in vivo in SUM159 xenografts (this study). Noticeably, bCSC inhibition by DATS is evident at a non-cytotoxic concentration. For example, ALDH1 activity is inhibited by about 50% in the presence of 5 M DATS (this study), whereas a much higher concentration is necessary to induce apoptosis in proliferating mammary tumor cells (19) . Nevertheless, the DATS concentration required to inhibit bCSC is likely achievable because the maximum blood concentration was shown to be ϳ31 M in rats after a single intravenous injection of 10 mg of DATS (45) .
This study reveals that FoxQ1 partly contributes to bCSC inhibition by DATS. We found protection against DATS-mediated inhibition of ALDH1 activity and mammosphere formation by FoxQ1 overexpression, and this effect was not a cell line-specific response. Conversely, FoxQ1 knockdown sensitizes bCSC to DATS. The role of FoxQ1 in mammary cancer development is still not fully understood, but its expression is increased in the aggressive basal-like breast cancer subtype 39) . This study also reveals FoxQ1 overexpression in TNBC specimens compared with normal breast. FoxQ1 expression is also strongly associated with poor survival in breast cancer patients (39) . FoxQ1 overexpression in epithelial ovarian cancer cells relative to normal cells has also been noted (46) . Here we show that DACH1 is a novel target of FoxQ1 and that DATS-mediated inhibition of bCSC is regulated by the FoxQ1-DACH1 signaling axis. DACH1 expression is very high in normal human breast epithelium but lost in TNBC (47) . Analyses of the TCGA and breast cancer cell line databases indicate higher DACH1 expression in luminal and normal-like breast cancers than in the basal subtype of breast cancer (Fig. 8 ). This study also reveals a negative correlation between FoxQ1 and DACH1 expression in breast tumors and breast cancer cell lines. However, it is still unclear whether the negative correlation between FoxQ1 and DACH1 expression is unique for breast cancer.
Induced expression of FoxQ1 in mammary epithelial cells results in epithelial-mesenchymal transition and gain of stem cell-like properties (39, 48) . Epithelial-mesenchymal transition induction by Snail or Twist overexpression in mammary epithelial cells is accompanied by enrichment in the CD44 high / CD24 low population with an increased capacity for self-renewal (49) . Prior work from our own laboratory has revealed inhibition of the biochemical features of epithelial-mesenchymal transition upon DATS treatment, at least in the MDA-MB-231 FIGURE 9 . DATS administration inhibits bCSC in vivo. A, body weights over time for control mice and those treated with DATS. The results shown are mean Ϯ S.D. (n ϭ 9 for the control and 8 for the DATS group except on day 50, where n ϭ 8 for the control). Statistical significance of difference was analyzed by two-sided Student's t test. B, tumor incidence in the control and DATS treatment groups. The p value was calculated by two-sided Fisher's exact test. C, average tumor weight in control and DATS-treated mice. The results shown are mean Ϯ S.D. (n ϭ 9 for the control and 8 for the DATS group). The p value was calculated by two-sided Student's t test. D, representative flow histograms for ALDH1 activity. Bottom panel, percentage of ALDH1 activity from tumors of control and DATS-treated mice (mean Ϯ S.D., n ϭ 7 for the control and 3 for the DATS group). The p value was calculated by two-sided Student's t test. E, representative images of mammospheres from the control and DATS treatment groups (ϫ100 magnification, scale bars ϭ 300 m). Bottom panel, number of mammospheres from tumors of control and DATS-treated mice. The results shown are mean Ϯ S.D. (n ϭ 7 for the control and 4 for the DATS group). The p value was calculated by two-sided Student's t test. DEAB, diethylaminobenzaldehyde; BAAA, BODIPY TM -aminoacetaldehyde.
breast cancer cell line (19) . The possibility that bCSC inhibition by DATS engages Snail and/or Twist cannot be excluded. The mechanism underlying DATS-mediated down-regulation of FoxQ1 is also unclear and requires further investigation. A recent study showed that FoxQ1 is a direct target of Wnt in colorectal cancer (50) . NAC1 protein has been shown to be essential and sufficient for activation of FoxQ1 transcription in ovarian cancer (51) . Therefore, it is also possible that DATS treatment suppresses Wnt and/or NAC1 to down-regulate FoxQ1 in breast cancer cells.
Inhibition of bCSC by DATS in MCF-7 cells with low/undetectable FoxQ1 protein expression attests to alternate mechanism(s) in bCSC inhibition by DATS. Expression and activity of ER-␣ is decreased by DATS treatment (20) . Previous studies have shown that ER-␣ signaling regulates bCSC through miR-140 targeting of SOX2 (52) . Estrogen promotes the stem celllike properties and invasiveness of ER-positive breast cancer cells via Gli1 activation (53) . It is possible that down-regulation of ER-␣ contributes to bCSC inhibition by DATS. However, further work is necessary to experimentally test this possibility.
In conclusion, this study shows, for the first time, that DATS treatment inhibits the bCSC fraction in vitro and in vivo. We show further that bCSC inhibition by DATS is partly regulated by the FoxQ1-DACH1 signaling axis. These results, together with findings published previously (18 -20) , suggest that DATS may be useful for the prevention of breast cancer. 
